An understanding of the auditory system's operation requires knowledge of the mechanisms underlying thresholds. In this work we compare detection thresholds obtained with a three-interval-three-alternative forced-choice paradigm with reaction thresholds extracted from both reaction probabilities (RP) and reaction times (RT) in a simple RT paradigm from the same listeners under otherwise nearly identical experimental conditions. Detection thresholds, RP, and RT to auditory stimuli exhibited substantial variation from session to session. Most of the intersession variation in RP and RT could be accounted for by intersession variation in a listener's absolute sensitivity. The reaction thresholds extracted from RP were very similar, if not identical, to those extracted from RT. On the other hand, reaction thresholds were always higher than detection thresholds. The difference between the two thresholds can be considered as the additional amount of evidence required by each listener to react to a stimulus in an unforced design on top of that necessary for detection in the forced-choice design. This difference is inversely related to the listener's probability of producing false alarms. We found that RT, once corrected for some irreducible minimum RT, reflects the time at which a given stimulus reaches the listener's reaction threshold. This suggests that the relationships between simple RT and loudness (reported in the literature) are probably caused by a tight relationship between temporal summation at threshold and temporal summation of loudness.
INTRODUCTION
The detection of sounds constitutes a prerequisite for their further analysis by the auditory system. A thorough understanding of the system's operation requires knowledge of the mechanisms underlying detection thresholds, a fact which might explain the continued interest in this topic (e.g., Viemeister and Wakefield 1991; Viemeister et al. 1992; Clock Eddins et al. 1993 Eddins and Green 1995; Dau et al. 1996; Moore and Oxenham 1998; Dai and Wright 1999; Krishna 2002; Heil and Neubauer 2003, 2004; Neubauer and Heil 2004; Meddis 2006) . A wide variety of psychoacoustic techniques are available to measure perceptual thresholds, and the theoretical foundations of many of these techniques have been worked out in considerable detail (see Treutwein 1995 for review). A possible technique, which may provide additional information about the mechanisms underlying thresholds, involves simple reaction time (RT) experiments. Here, a human subject or an animal is asked or trained to promptly perform some specified response, the reaction, upon detection of the reaction stimulus. Therefore, a simple RT experiment can also be viewed as a kind of stimulus detection experiment (John 1967; Snodgrass 1975) . Commonly, the proportion of (correct) reactions are plotted as a function of the stimulus parameters of interest and estimates of thresholds are derived from these psychometric functions (e.g., Pfingst et al. 1975b; Gerken and Sandlin 1977; Su and Recanzone 2001; Recanzone and Beckerman 2004) . However, the relationships between Breaction^thresholds derived in this way from RT experiments and detection thresholds derived with other psychoacoustic techniques have not been comprehensively studied. To our knowledge, only Pfingst et al. (1975b) obtained data directly bearing upon this issue. They compared reaction thresholds obtained from reaction probabilities to tones of different amplitudes and frequencies with detection thresholds measured under similar conditions by using a forced-choice procedure. They found the reaction thresholds to be 5-6 dB higher than the detection thresholds. However, their small sample (a single human subject) and the way they dealt with false alarms warrant a reexamination of the topic. The major goal of the present study was to examine the relationship between detection thresholds on one hand and reaction thresholds on the other.
A second goal of the present study was to examine whether reaction thresholds can not only be obtained from reaction probabilities but also from reaction times, more generally than hitherto appreciated. Simple RT to auditory stimuli is commonly thought to be a measure of the loudness of the reaction stimuli, and is consequently viewed as a useful tool to study loudness perception (e.g., Chocholle 1940; Stebbins 1966; Moody 1973 Moody , 1979 Pfingst et al. 1975a; Dooling et al. 1975; Marshall and Brandt 1980; Buus et al. 1982; Humes and Ahlstrom 1984; Seitz and Rakerd 1997; Leibold and Werner 2002; Arieh and Marks 2003; Wagner et al. 2004; Florentine et al. 2005; Little and May 2005; see also Scharf 1978; Luce 1986) . In this context, it has been observed that plots of the sound levels of tones of different frequencies that evoked identical and very long mean RTs yielded curves in close proximity to, and of similar shape as, the animal's audiogram (e.g., Pfingst et al. 1975a; Dooling et al. 1975) , suggesting that iso-RT contours for very long mean RTs might reflect the audibility curve. Other investigators, however, have concluded that there is no relationship between threshold and RT, and that detection threshold and RT should not be traded in assessing perception (Abel et al. 1990 ). In line with the idea that a simple RT experiment constitutes a kind of stimulus detection experiment, we will provide evidence here that simple RTs, and not only long ones, do indeed yield measures of threshold.
Finally, a third goal of our study was to explore and to relate day-to-day variability in detection thresholds and in performance in RT tasks. To obtain reliable estimates of the location and other parameters of RT distributions, of reaction probabilities, and of detection thresholds, and to study the relationships of these parameters with stimulus parameters of interest, many RT trials or threshold measurements are required. This may be impossible to achieve on a single day, so data are often accumulated over several days spread over some period of time. As pointed out by Luce (1986, p. 132) , there is considerable danger that some of the subject's parameters may vary considerably and that such variation, if ignored or unknown, may lead to wrong conclusions about the mechanisms underlying the RT distributions. Here, we show the existence of pronounced day-to-day variability of detection thresholds, of simple RTs, and of reaction probabilities to auditory stimuli, and exploit this variability to show the tight relationships between all three measures.
METHODS

Listeners
Two types of experiments were conducted with 11 listeners (6 female, 5 male; 20-36 years of age), measurements of detection thresholds, and measurements of simple RTs. In addition, data from another 11 listeners who participated in measurements of detection thresholds only are used here to document day-to-day variation of such thresholds (see below). All listeners were informed about the purpose of the experiments, gave their written consent, and were paid for their participation. Procedures were approved by the ethics committee of the Otto-von-Guericke University Magdeburg (142/03). All listeners had normal or nearnormal audiograms, as established with standard audiometry.
Experimental set-up and apparatus
Listeners sat comfortably on a chair within an illuminated and ventilated double-walled soundproof chamber (IAC). They wore circumaural headphones (Sennheiser HDA 200) through which auditory stimuli were presented, and they could view a computer screen that provided some written instructions. For measurements of detection thresholds, the screen also marked the observation intervals and provided feedback. Listeners were equipped with a response box to indicate their choice. For measurements of RTs, listeners had access to a response key, which was a piano key with its lever arms modified such that it moved easily and silently. Its movement was detected by an optocoupler. All other equipment was outside the chamber. Stimuli were generated with a sampling rate of 96 kHz and a resolution of 24 bit by a PC with a soundcard (Terratec EWX 96/24). The output of the soundcard was attenuated (Tucker Davis Technologies PA5) to obtain the desired stimulus amplitudes and then fed directly to the headphone. The system was calibrated with an artificial ear (Brü el & Kjaer 4153), a 1/2-in. condensor microphone (G.R.A.S. 26 AM) and a pistonphone (Brü el & Kjaer 4228). The soundcard also registered the listeners' RTs, at a rate of 96 kHz equivalent to a resolution of 10.4 ms.
Procedure
Detection thresholds and RTs were measured alternatingly within individual sessions. A session lasted approximately 2 1 / 2 -3 h including two breaks of about 15 min each. Typically, detection thresholds for two or three stimuli were obtained first, followed by a period of RT measurements, by measurements of detection thresholds for another two stimuli, by another period of RT measurements, and so on. The first measurement after a break was always one of detection threshold to allow listeners to adapt to soft sounds again. Stimuli were presented monaurally, to the listeners' right ears, and all listeners performed the RT tasks with their right hands, even though one listener (L5) was left-handed.
Measurements of detection thresholds. Detection thresholds were obtained with an adaptive threeinterval-three-alternative forced choice (3I-3AFC) procedure. Each trial contained three consecutive 2-s long observation intervals, separated from each other by 0.5 s. The test tone was presented during one of the three intervals with equal a priori probability and at random. The listener had to indicate the interval that contained the signal by pressing the corresponding number on the response box. Immediate feedback was provided on the screen and the next trial started 2 s thereafter. After two correct responses in a row, the signal level decreased and after one incorrect response increased (B2-down 1-up^rule). The starting level of the signal was always clearly above the expected threshold. The step size was 5 dB until the fourth reversal, after which it was decreased to 1 dB. After another eight reversals, the track was terminated. The mean of the signal levels (in dB SPL) at the last four reversals was taken as the detection threshold level of one track.
Measurements of simple reaction times. Stimuli for which simple RTs were obtained were presented in blocks by using a Bhigh signal rate vigilance^proce-dure (Luce 1986; p. 178ff), i.e., no warning signal and foreperiod were given. The listener started a block by pressing a mouse button and was informed, by a message on the computer screen, when the block was over. A block lasted approximately 10 min and was partitioned into 170 trials where each trial had a duration that varied randomly and uniformly between 2.5 and 4 s. One hundred sixty of these trials were stimulus trials, with stimulus onset coinciding with trial onset, and 10 were catch trials (i.e., trials without an experimenter-controlled stimulus). During a block, 16 different stimuli were presented 10 times each and in pseudorandom order. There were six blocks within a session.
The listeners had been instructed to press the response key as soon as they detected an auditory stimulus, but they received no feedback on their RTs. If listeners pressed the response key in the interval from 0 to 1.9 s with respect to trial onset, an RT was scored. If they pressed the key more than once during that interval, only the timing of the first key press was scored. If no response occurred within that interval, a miss was scored.
Stimuli
All stimuli presented to the listeners, whether used to obtain detection thresholds or RTs, were tones of 3.125 kHz. Tones differed in amplitude, in duration, and in the shape of the temporal envelope. Amplitude transitions followed a sine-squared function.
Detection stimuli. Detection thresholds were obtained to a wide range of stimuli, also for the purpose of another study. In this study, these measurements serve two purposes: (1) to obtain a robust estimate of a listener's sensitivity and its variance at the selected frequency on each experimental day and (2) to derive a so-called Btemporal integration function,ŵ hich relates detection threshold (in dB SPL) to stimulus duration, so that detection and reaction thresholds can be compared for different stimulus durations. Therefore, detection stimuli also varied in duration. These stimuli can be grouped into singleburst, multiple-burst, and onset-offset duration series (for illustration, see Fig. 1 in Gerken et al. 1990 or Fig. 2a in Heil and Neubauer 2003) . The shortest stimulus (stimulus 1) was composed only of onset and offset portions of 4.16 ms without plateau. A single-burst duration series was created from stimulus 1 by inserting between these portions a constantamplitude plateau, to yield stimuli with total durations ranging from 8.32 to 1056.64 ms (step size, factor 2). In addition, a single-burst stimulus with a duration of 536.64 ms was created. This particular stimulus from hereon will be termed the reference stimulus. Its envelope and duration are identical to those of stimuli A-1 to A-11 and B-1 to B-6 from the RT experiments (see below). A multiple-burst duration series was created by repeating stimulus 1, after a silent interburst interval of 4.16 ms, to form stimuli that differed in the number of bursts (viz. 2 to 128; step size, factor 2). An onset-offset duration series was created by varying onset and offset times (from 4.16 to 532.48 ms each; step size, factor 2).
Reaction stimuli. All but two of the reaction stimuli were single-burst stimuli with onset and offset times of 4.16 ms. They differed in level and in duration and were assigned to two sets of stimuli which were employed in two separate RT experiments (A and B). Table 1 provides all details. The purpose of both experiments was to explore the effects of stimulus level and stimulus duration on RT, but with different relative emphasis. In experiment A, where the emphasis was on stimulus level, the reference stimulus (536.64 ms duration) was presented at 11 different levels (reaction stimuli A-1 to A-11) covering a 30-dB range in 3-dB steps. The lowest level (A-1) was below some initial estimate of the detection threshold of each listener. Three stimuli (A-12 to A-14) had an amplitude equal to that of A-3, but were of shorter durations (viz., 404.56 ms, 272.48 ms, and 140.40 ms) , and thus together with A-3 formed a duration series. The remaining two stimuli consisted of multiple bursts (see Table 1 for details). In experiment B, where the emphasis was on stimulus duration, the reference stimulus was presented at six different levels (reaction stimuli B-1 to B-6) covering a 30-dB range in 6-dB steps. These stimuli were identical to A-1, A-3, A-5, A-7, A-9, and A-11 of experiment A, respectively. Reaction stimuli B-7 to B-9 had amplitudes identical to that of B-1 but were of longer durations (viz., 800.80, 1064.96, and 1593.28 ms) , and together with B-1 formed a first duration series of experiment B. Stimuli B-10 to B-16 had amplitudes identical to that of B-2 and together with B-2 formed a second duration series of experiment B. The durations were individually selected for each listener and varied from 16.64 to 1064.96 ms (see Table 1 for details).
Combination of reaction and detection stimuli. RT experiment A was combined with measurements of detection thresholds for six stimuli of the multipleburst and six of the onset-offset duration series. The same 12 detection stimuli were tested in every session. RT experiment B was combined with stimuli of the multiple-burst and the single-burst duration series. Here, only partially overlapping sets of detection stimuli were tested on different days. On most days, one or several threshold estimates were also obtained for the reference stimulus. The sequence in which the different detection stimuli were tested in a given session was random. On different days they were tested in different random orders. All 11 listeners participated in RT experiment A and on average completed 11 sessions each. Four of them also participated in experiment B and completed 12 or 13 sessions each.
Data analysis
Calculation of the detection threshold for the reference stimulus. As will become evident from the results, it was important to obtain a reliable estimate of a listener's sensitivity at the test frequency (3.125 kHz) on each day on which RTs had been recorded. Because the stimuli for which detection thresholds were obtained were not always the same on different days, a simple average of the threshold SPLs for these stimuli on a given day would not have provided an estimate that would have allowed us to compare a listener's sensitivity on different days. We therefore calculated a listener's detection threshold (in dB SPL) for a single common stimulus, the reference stimulus, on a given day from the measured detection thresholds for all of the stimuli tested on that day. The calculation relied on the differences (in dB) between the detection thresholds for these stimuli and that for the reference stimulus from days when the latter had been measured. These differences were established with great precision, because (1) the differences in detection threshold levels with differences in stimulus duration, which define the shape of the temporal integration function, were obtained during each session, and (2) All stimuli had onset and offset times of 4.16 ms each and were single-burst stimuli, except A15 and A16, which were multiple-burst (MB) stimuli, consisting of 4 (A-15) or 16 (A-16) bursts. Each burst had a 4.16-ms onset and a 4.16-ms offset without plateau. Bursts were separated by silent intervals of 66.56 ms duration. The total stimulus durations of B10-B16 were individually selected. The ones listed are for listener L1. For L2, B10 was replaced with one of 800.80 ms duration; for L4 and L5, B15 was replaced with one of 16.64 ms duration. All 11 listeners participated in experiment A; 4 of them (L1, L2, L4, L5) also in B. The SPLs of stimulus 1 (in both experiments) were as follows: -3.6 dB (L1), -4.2 dB (L2), 2.5 dB (L3), -0.9 dB (L4), -1.2 dB (L5), -5.4 dB (L9), 2.3 dB (L11), 3.2 dB (L12), 9.7 dB (L14), -3.5 dB (L26), and -6.5 dB (L31).
the distance (in dB) between the (average) position of the temporal integration function and the reference stimulus was measured several times on different days. Adding these differences, which were specific to each listener, to the measured detection threshold levels for the tested stimuli thus resulted in as many (most of them surrogate) measures of the detection threshold for the reference stimulus as there were stimuli for which detection thresholds had actually been measured on a given day. The average of these measures thus provided an estimate of the detection threshold for the reference stimulus on a given day that was nearly as reliable as if we had measured the threshold for it as many times as the number of different stimuli tested. The associated confidence interval was somewhat larger because the confidence interval of the differences between the detection threshold levels for the tested stimuli and for the reference stimulus used for the calculations had to be taken into account as well.
Analysis of intra-and intersession variance of detection thresholds. As stated above, in combination with RT experiment A, we measured from each listener detection threshold levels for the same 12 stimuli in each session. Also, another 11 listeners, otherwise not included in this study, participated in measurements of detection thresholds but not in the RT experiments. The thresholds of these 22 listeners for this identical set of n = 12 stimuli were subjected to an analysis of variance to disentangle the total variance, V total , into an intersession, V inter , and an intrasession component, V intra , where:
and V inter and V intra result from normally distributed deviations. For each of the n stimuli, we calculated the variance of the detection threshold levels across the different sessions, and define the mean of these variances as V total . We also calculated for each session the mean of the detection threshold levels for the n stimuli, and define the variance of these mean thresholds across sessions as V mean . In the absence of intersession variation, V total should be identical to V intra , so that:
In the presence of intersession variance, however:
because V inter is not reduced by averaging detection threshold levels measured in a given session. Equations (1) and (3) can be used to calculate V inter and V intra from V total and V mean , where
and
Considerations of comparable measures for detection and reaction thresholds. To examine the relationship between detection thresholds on one hand and reaction thresholds on the other, with reaction probabilities and reaction times as the key measures, requires measures of detection and of reaction thresholds that are as comparable as possible. Detection threshold levels were obtained with an adaptive 3I-3AFC procedure combined with a B2-down 1-upr ule (see above). This rule converges on the stimulus level, L, yielding a probability of correct responses, F corr (L), of 0.707 (Levitt 1971; Zwislocki and Relkin 2001) , and this level was taken as the detection threshold level, L T(D) , for the stimulus. However, in an n-interval-n-alternative forced-choice procedure the subject may also correctly identify the stimulus interval by guessing. We used the Bcorrection for guessing transformation^(e.g., Treutwein 1995; Gescheider 1997; Klein 2001) to estimate the proportion of trials, F ST (L), on which a subject has identified the stimulus interval by means other than correct guessing:
The formula is widely used in psychophysics and is valid if a subject is unbiased, i.e., it has no preference for a particular interval, and does not deliberately produce errors. Because, in our case, n = 3 and F corr (L) at the defined threshold is 0.707, it follows that F ST (L T(D) ) = 0.561. This value thus marks the quantile of correct responses to stimuli at the defined threshold in the adaptive forced-choice procedure that cannot be attributed to lucky guessing.
According to this reasoning, we derived two measures from the listener's performance in the simple RT task, which are based on the same quantile and which thus enable a fair comparison with L T(D) measured with the forced-choice procedure. The first, and more obvious, measure is the stimulus level that evokes reactions with a probability of 0.561. This measure, L T(RP) , was derived from fits to the functions relating the reaction probability (RP) to stimulus level, as described in detail in Results. The other measure was the 0.561 quantile of the empirical RT distribution, i.e., the time after stimulus onset by which reactions have occurred on a fraction of 0.561 of all trials. As will be elaborated in Results, this quantile may yield an estimate of the initial portion of a stimulus, of given level and envelope, that is necessary and sufficient in order to be detected on a fraction of 0.561 of all trials. The 0.561 quantile RT for a given stimulus was derived by linear interpolation between the two adjacent RTs of the empirical RT distribution function.
Much more conventional measures of the location of RT distributions are the mean RT and the median RT. Both of these measures are usually computed only from trials on which reactions occurred. If all trials were considered, or if there are no misses, the median RT is only slightly shorter than, and closely related to, the 0.561 quantile RT. However, because our goal requires measures of detection and of reaction thresholds that are as comparable as possible, we used the 0.561 quantile rather than the median. The mean RT may also be a good measure of the location of an RT distribution, although it has the disadvantage of being very sensitive to Boutliers,p articularly to late reactions (see Ulrich and Miller 1994) . However, a mean cannot be computed from all trials when there are misses. Because we employed several soft reaction stimuli for our purposes, which led to considerable proportions of misses, the mean RT is not considered here. To avoid any possibility of confusion with mean RT or median RT or with the RTs on individual trials, the 0.561 quantile of the RT distribution will, from hereon, be referred to as the RQ.
Correcting reaction times and reaction probabilities for false alarms. Most listeners pressed the response key occasionally, and one frequently, also during catch trials. These false alarms indicate that also some of the reactions of these listeners following stimulus onset must have been false alarms (Luce 1986, p. 56), which consequently bias somewhat the estimates of thresholds derived from RTs and RPs. We corrected this bias by using a race model. Generally, race models assume that reactions in an RT task can be triggered by two or more different and possibly independent processes, and that the reaction time observed on a given trial is the finishing time of the first of these processes (e.g., Ollman and Billington 1972; Kornblum 1973; Burbeck and Luce 1982; Ulrich and Giray 1986; Meyer et al. 1988; Ulrich and Miller 1997; Miller and Ulrich 2003) . In our case, we assume reactions to be evoked either by the stimuli of the experimental regime (Bstimulus-controlled reactions^) or by something else (false alarms). If they are independent, the race model leads to:
where F(t), F FA (t), and F ST (t) are the cumulative probabilities that a reaction, a false alarm, and a stimulus-controlled reaction have occurred by time t.
For our RT data, we have shown elsewhere (Tiefenau et al., unpublished data) that this model provides an excellent description and that F FA (t) is well described by the exponential distribution:
We obtained the constant hazard rate, l FA , by fitting Eq. (8) to the empirical distribution functions of reactions during catch trials, and then applied Eq. (7), with F FA (t) given by Eq. (8), to derive F ST (t). Finally, we derived the 0.561 quantile RT of F ST (t) by interpolation.
When the duration of the analysis window is used as the value for t, Eq. (7) yields a formula to derive the probability of stimulus-controlled reactions, F ST , from the total probability of reactions, F, for a stimulus of level L. It has the same formal structure as Eq. (6). Nevertheless, the probability of lucky guesses in the forced-choice procedure, viz. 1/n, is not identical to the probability of false alarms, F FA , in the RT task: the former is forced and high, the latter unforced and low. Consequently, the mechanisms generating such responses are likely also different.
RESULTS
From each listener, we obtained detection threshold levels for up to 13 different stimuli as well as reaction probabilities and reaction times to 60 presentations of each of 16 different stimuli in a given session (Table 1) on a given day, and listeners completed up to 13 sessions, over periods of months or more than a year in some cases. In the following, we first analyze the intersession variation in detection thresholds, reaction probabilities, and reaction times, and examine their relationships. We then extract reaction thresholds from reaction probabilities and from reaction times to tones of different levels and durations, compare those thresholds, and finally examine the relationship between reaction and detection thresholds directly.
Intersession variation in detection thresholds, reaction probabilities, and reaction times Detection thresholds. In this section, we show that there is substantial intersession variation in detection threshold levels in excess of intrasession variation. We can do this, because we measured, for all listeners and in combination with RT experiment A, detection threshold levels for the same 12 stimuli in each session. Figure 1 plots, for two informative listeners (L11 and L5), the difference between the detection threshold level measured in a given session and the mean detection threshold level across all sessions, DL T(D) , against session number. The differences shown are averages across two independent groups of stimuli, viz. the group forming the multiple-burst (MB) duration series (n = 6) and that forming the onset-offset (OO) duration series (n = 6). It is obvious that the values of DL T(D) for the two groups of stimuli fluctuate from session to session in very similar ways. In both listeners, the DL T(D) values vary from about -3 to + 5 dB, reflecting lower-and higherthan-average thresholds, respectively. These data strongly point to the existence of substantial intersession variation in detection thresholds. Figure 2 shows that this was indeed the case in nearly every listener. Figure 2a shows that for 20 of 22 listeners included in this analysis, the observed intersession variance of the average of the detection thresholds for all 12 stimuli, V mean , is larger, and in many cases considerably so, than the one expected in the absence of systematic intersession variation, i.e., for V inter = 0 (indicated by the dashed line). This reveals that V inter > 0 and suggests that V mean is captured by Eq. (3) rather than Eq. (2). Figure 2b provides a scatterplot of V inter versus V intra , calculated with Eqs. (4) and (5), respectively. They sum to yield V total [Eq. (1)]. It is apparent that V inter can be as large as or even exceed V intra . We found no trend for the two variances to covary (r 2 = 0.013; n = 22).
We did observe a weak tendency for detection thresholds to improve with session number, consistent with findings of other researchers (e.g., Zwislocki et al. 1958; Henry et al. 2001 and references therein). Because listeners differed in their absolute thresholds, we first calculated for each listener and session the detection threshold (in dB SPL), L T(D) , for the reference stimulus (Methods), and then the difference between the L T(D) of each individual session and the mean L T(D) across all sessions, DL T(D) . Across the 11 listeners who performed the RT experiments, DL T(D) decreased by about 0.08 dB per session (r 2 = 0.05, n = 169; p G 0.01). This improvement may be attributable to perceptual learning in some listeners, but other factors are clearly involved as well. Listener L9 quit smoking halfway through experiment A, at which point her sensitivity improved rapidly by about 4 dB.
In any event, these analyses clearly show that there is considerable intersession variation in a listener's sensitivity. Such variation will inevitably broaden psychometric functions when computed from detection responses collected on different days relative to functions obtained from responses on a given day.
Reaction probability and Reaction time. Reaction probabilities and reaction times also exhibited substan-FIG. 1. Detection thresholds are subject to intersession variation. The panels plot, for two listeners (a, L11; b, L5), the differences between the detection threshold level measured in a given session and the mean detection threshold levels across all sessions (dashed horizontal lines), DL T(D) . Differences shown are averages across two independent groups of stimuli, viz. stimuli forming the multiple-burst (MB) duration series (n = 6) and those forming the onset-offset (OO) duration series (n = 6). (4) and (5)]. Note that the intersession variance can be as large as, or even larger than, the intrasession variance. The figure includes data from 11 additional listeners who participated in measurements of detection thresholds but not in RT experiments, yielding 22 listeners in total.
tial intersession variation. To demonstrate this intersession variation and to analyze it quantitatively, we exploit the fact that the reference stimulus (536.64 ms duration) was presented at 11 and 6 different SPLs in RT experiments A and B, respectively. Figure 3a plots, for listener L11 and experiment A, the RP and Figure  3b the corresponding 0.561 quantile of the empirical RT distribution (RQ) as functions of the level (L, in dB SPL) of this stimulus. Corresponding data for listener L5 are shown in Figure 4 . Data obtained in a given session are represented by the same symbol and are connected by lines, and in the following are referred to as RP(L) and RQ(L) functions. The panels show that on each day, RP increases and RQ decreases monotonically as SPL increases, but that RP and RQ can vary considerably from session to session at a given SPL. For example, for L11 and at 2 dB SPL, RP was close to 0 on day 8 and close to 1 on day 13. The panels also allow one to appreciate that the shapes of the RP(L) functions and of the RQ(L) functions obtained from a given listener on different days are rather similar. Thus, most of the variation appears to be attributable to simple displacements of the individual functions relative to each other along the level axis, and in the case of RQ also along the RQ axis. Consequently, it should be possible to bring these functions into close register by appropriate corrections for such displacements. Indeed, this proves to be the case, as shown next.
We explored three correction procedures (termed CP1, CP2, and CP3) and quantified their effect on a measure of distance between the functions of different days. This measure was derived by first obtaining the differences between all possible pairs of functions at 100 supporting points for each pair. These points were equally spaced along the level axis over the range from the lowest to the highest stimulus levels shared by both functions of a pair. We then averaged the squared differences for each pair of functions and divided the sum of these averages by the number of pairs of functions.
The first procedure (CP1) shifted each RP(L) function and RQ(L) function along the SPL axis by the amount necessary to compensate for the intersession differences in a listener's sensitivity. The RP(L -DL T(D) ) and RQ(L -DL T(D) ) functions of different days resulting from this correction procedure (not shown) were indeed in closer register than the corresponding RP(L) and RQ(L) functions (Fig. 5) .
The second correction procedure (CP2) shifted each RP(L) and RQ(L) function obtained on a given day along the level axis by the amount required to minimize the measure of distance without altering the mean SPL across all days. For RP, the correction produced by this procedure was essentially optimal. As shown in Figures 3c and 4c , the RP(L -DL (RP) ) functions of different days are in very close register. As expected, the measures of distance between the functions resulting from CP2 were considerably smaller than those between the corresponding RP(L -DL T(D) ) and RQ(L -DL T(D) ) functions (Fig. 5) .
For RQ , the correction produced by CP2 was not yet optimal. We therefore applied a third correction procedure (CP3) that minimized the measure of amplitude. These are the raw data without any corrections applied (CP0). In the bottom row, the same data are shown after application of correction procedure 2 (CP2) for RP (c) and of 3 (CP3) for RQ (d) and as described in the text. Note the close alignment of the functions from different days.
distance by not only allowing each RQ(L) function to be shifted along the level axis, by DL (RQ) , but also along the RQ axis, by DRQ, again maintaining the mean SPL and the mean RQ across all days. Figures 3d  and 4d show that now the (RQ -DRQ) versus (L-DL (RQ) ) functions of different days resulting from this correction are also in very close register. As expected, the measures of distance between these functions are smaller than with CP2 (Fig. 5) . Notably, across all subjects, the reduction in the measure of distance achieved for RQ with CP3 is roughly similar to that achieved for RP with CP2 (interquartile ranges: 8-to 20-fold for RP; 11-to 23-fold for RQ) (Fig. 5) .
For reasons of space, we restrict all following analyses to the displacement estimates derived from those correction procedures that yielded the optimal alignment of RP(L) and RQ(L) functions from different days, viz. CP2 for RP and CP3 for RQ.
Relationships between displacement estimates of RP(L)
and RQ(L) functions. The relative displacements of the RP(L) and the RQ(L) functions along the level axis estimated with these procedures viz., DL (RP) and DL (RQ) , were closely correlated and essentially identical (Fig. 6a) . We performed the following analyses to examine whether the differences between DL (RP) and DL (RQ) might be systematic. First, a straight line was fit to the data. We used a perpendicular regression for this purpose, because both parameters are subject to error and a linear regression, which only minimizes the vertical distance of the data points from the regression line, cannot be used. The perpendicular regression, which minimizes the sum of the squares of the perpendicular distance of each data point from the regression line, is ideally suited here as both axes have the same units. It yielded a regression line with an intercept of 0 and a slope of 1.05 (r 2 = 0.818). Second, we examined the distribution of the differences between DL (RP) and DL (RQ) . Their mean was 0 dB and the SD was 0.60 dB. A Kolmogoroff-Smirnoff test revealed that the null hypothesis of a normal distribution of the differences around zero could not be rejected. That test yielded a value of D = 0.0339, even below the critical value of D crit = 0.0567 for the liberal criterion of a = 0.2, and with the Lilliefors modification of that test (Sachs 1997, p. 428) . These analyses support the notion that there are no systematic differences between DL (RP) and DL (RQ) . There was no correlation between DL (RQ) and DRQ (Fig. 6b) . This supports the view that RQ(L) functions obtained from a given listener on different days can be displaced relative to one another along the level and along the RQ axis, and that DL (RQ) and DRQ are caused by independent factors. Nevertheless, in 3 of the 11 listeners in experiment A, there was some trend for DL (RQ) and DRQ to covary (L31: r 2 = 0.806, n = 6; L14: r 2 = 0.447, n = 13; L5: r 2 = 0.267, n = 13). In L31, the measures also changed systematically with session number, suggesting that procedural and/or perceptual learning may underlie the covariation. In the other two listeners, the covariation of DL (RQ) and DRQ may be attributable to other factors, such as intersession differences in general fitness.
Relationships between displacements of RP(L) and RQ(L) functions along the level axis and differences in detection thresholds. The relative displacements of RP(L) functions and RQ(L) functions along the level axis, i.e., DL (RP) and DL (RQ) , were closely correlated with, and essentially identical to, the intersession variation in detection thresholds, DL T(D) , of the listeners. Figure 7a provides a scatterplot of DL (RP) against DL T(D) . Here, the perpendicular regression yielded a straight line with an intercept of 0 and a slope of 1.02 (r 2 = 0.725). The mean difference between DL (RP) and DL T(D) was 0 dB and the SD was 0.75 dB. A Kolmogoroff-Smirnoff test yielded D = 0.0382, which is below D crit . When DL (RQ) , instead of DL (RP) , is compared with DL T(D) (Fig. 7b) , the results are similar (intercept of 0 dB, slope of 0.96; r 2 = 0.692; mean difference between DL (RQ) and DL T(D) was 0 dB and SD was 0.78 dB; D = 0.0578).
These intimate and likely causal relationships between intersession differences in detection threshold levels and in the positions of RP(L) and RQ(L) functions along the level axis are also reflected in Figure 7c . This panel plots DL (RP) , DL (RQ) , and DL T(D) averaged across listeners and the two experiments as a function of session number. The panel emphasizes the common fluctuations of these measures from session to session. Of course, due to averaging these fluctuations are smaller than those seen in individual listeners (cf. Fig. 1 ).
In summary, these analyses strongly suggest that the true relative displacements of RP(L) and RQ(L) functions along the level axis are identical, and also identical with the differences in detection thresholds. The small differences between the estimates of these displacements and differences, viz. DL (RP) , DL (RQ) , and DL T(D) , are likely attributable to unsystematic errors. Figure 7d shows a plot of DRQ, the displacements of the RQ(L) functions along the RQ axis from their average, against the session number. We interpret DRQ to reflect session-to-session differences in the speed with which the responses were executed, i.e., on the motor side of the reaction process. In three listeners, the largest DRQ was obtained for the first session of experiment A. It is conceivable that in these listeners the smaller DRQ in subsequent sessions reflect an improvement in the speed of response execution as a result of procedural learning (e.g., Bonnet 2000). However, the listener with the largest drop of DRQ from sessions 1 to 2, L3, already had extensive training on this task (thousands of trials). It is thus more likely that the drop is caused by other factors. Overall, there was no indication that DRQ would decrease systematically with increasing session number. Rather, the values appeared to fluctuate irregularly around zero. The fluctuations were generally small; when lumped together across listeners and experiments, the SD of DRQ was 14 ms (and the mean 0, of course). A Kolmogoroff-Smirnoff test revealed that the null hypothesis of a normal distribution of DRQ around zero could not be rejected (D = 0.0482, below D crit = 0.0567).
Displacements of RQ(L) functions along the RQ axis.
Analyses of possible effects of False Alarms. The analyses reported so far were based on RP and RQ not corrected for false alarms. It is conceivable that intersession differences in false alarms might have biased the displacement estimates. However, this was not the case. First, we found that for all listeners but one the observed numbers of false alarms in different sessions of an experiment were compatible with binomial distributions of constant probability (binomial statistics were used because the number of false alarms on a given catch trial could either be 1 or 0). The only exception was listener L1. She had completed 12 sessions of experiment A and 12 of B before completing another four sessions of experiment A, about a year after the initial ones. In these later sessions, her probability for producing false alarms had dropped more than 10-fold from the previous value. Therefore, we treated the last four sessions as a separate (repeat) experiment. Second, when we corrected RP and RQ for false alarms [with Eqs. (7) and (8)] and estimated the displacements of the resulting RP (-FA) (L) and RQ (-FA) (L) functions as described above, we found them to be very similar to those of the corresponding RP(L) and RQ(L) functions. For RP, the mean difference in displacement estimates along the level axis was 0 dB and the SD 0.24 dB. For RQ, the mean difference was 0 dB and the SD 0.36 dB. The mean difference in displacements along the RQ axis was 0 ms and the SD 3 ms.
Extraction of reaction thresholds from reaction probabilities
In this section, we use RP to extract reaction thresholds for stimuli of different durations. We first focus on the RP to the reference stimuli (536.64 ms duration) that formed the level series in each experiment (A-1 to A-11; B-1 to B-6), because these data were most extensive and generally formed complete psychometric functions (e.g., Figs. 3c and 4c). For each listener and experiment, we used all of the RP(L -DL (RP) ) functions to extract a single reaction threshold level for the reference stimulus. Because these functions from different days are in close register (see Figs. 3c and 4c and text above), they are treated from hereon as a single psychometric function. An additional example (L4) is shown in Figure 8 (filled circles). Each such data set was fitted with a normal distribution function with m (in dB SPL) and s (in dB) as free parameters. For simplicity, we refrain here from including the generally low probability of lapses (see Treutwein and Strasburger 1999) as another free parameter. The normal distribution function provided excellent (least-squares) fits to the data (continuous lines through filled circles in Fig. 8) . From the fits, we derived the reaction threshold, L T(RP) , defined as the value of (L-DL (RP) ) (in dB SPL) at which RP reached 0.561. For reasons of space, we restrict the following analyses to RPs corrected for false alarms. As shown for listener L4 in Figure 8 , the probabilities corrected for false alarms, RP (-FA) , are slightly lower than their uncorrected counterparts; the data points also lie at slightly different values along the abscissa, because the values of DL (RP) obtained from RP (-FA) (L) functions could differ from those derived from RP(L) functions if F FA > 0 (see above). The psychometric functions fitted to RP (-FA) were also somewhat steeper (s was smaller) than those fitted to RP. And finally, the reaction threshold level derived from the corrected probabilities, L T(RP; -FA) , was always higher than the one derived from the uncorrected probabilities, L T(RP) (inset in Fig. 8) . The difference between the two measures increased as F FA increased, to a maximum of 2.2 dB for an F FA of 0.43 obtained from L5 in experiment B.
In each experiment, we also presented stimuli with durations other than 536.64 ms, although in general at one or two SPLs only (cf. Table 1) . Nevertheless, as a result of the correction for the intersession differences in sensitivity (described above), we obtained values of RP (-FA) at several values of (L -DL (RP) ). Figure 9a shows such data for listener L11 and for stimuli A-12 to A-14, in addition to that for stimuli A-1 to A-11. The data for the shorter-duration stimuli were of course less extensive and covered a psychometric function only incompletely. Nevertheless, the evoked RP (-FA) were generally of sufficient spread to allow a normal distribution function to be fitted to them. Only the RP (-FA) to the multiple-burst stimuli (A-15 and A-16) were generally so low that we could not fit them reliably. Therefore, they were discarded from further analyses and are not shown in Figure 9a . We tested two fitting variants, one in which m and s were free parameters, and another in which only m was free whereas s was fixed to the value obtained from the fit to the extensive data for the reference stimuli. The reaction thresholds obtained from the two fitting variants were virtually identical in most cases, but in some cases, we had little confidence in the fits when both parameters were free. Therefore, we report only the results from the variant with s fixed. Figure 9b plots the reaction thresholds, L T(RP; -FA) , as a function of stimulus duration for all listeners and both experiments. In each case, L T(RP; -FA) decreases systematically as stimulus duration increases.
Extraction of reaction thresholds from reaction times
Here, we explore the possibility that a reaction threshold can also be obtained from RT and not only from RP. The idea stems from the fact (shown above) that (1) RTs, just as RPs, are exquisitely sensitive to the variation in a listener's detection threshold, and (2) reaction thresholds are a function of stimulus amplitude and duration. One component of RT, a minimum reaction time, needs to be considered before we can embark on the extraction of a reaction threshold from RT.
Minimum reaction time. RT is generally thought to include a minimum time needed to execute the proper response once the stimulus has been detected. This time, RT min , has been termed the Birreducible minimum^(Woodworth and Schlosberg 1954), Bresidual latency^(Luce and Green 1972), or Bnonsensory factor^ (Scharf 1978) . Thus, in order to obtain the stimulus-dependent component of RT, RT min should be subtracted from the RT on every trial. However, RT min (or its distribution) is unknown and cannot be directly measured. A common way to estimate RT min from RT data is to fit Piéron's law (Piéron 1920) to the functions relating RT to stimulus amplitude, P, or intensity:
Piéron's law is an empirical law whose physiological or psychological foundations are as yet unclear. But, to a first approximation, it provides a reasonable fit to the dependence of RT on stimulus intensity in several sensory systems and in general a better fit than the alternative functions that have been sug- (-FA) , respectively. From these fits, reaction threshold levels, L T(RP) and L T(RP;-FA) , respectively, were derived (dotted lines in inset).
gested (see Bonnet 1996, 2000; Bonnet et al. 1999; Bonnet 2000; McKeefry et al. 2003; Stafford and Gurney 2004) .
Because our measure of location of the RT distribution was RQ (Methods), fits of RQ data with Eq. (9) will return values for RQ min , an estimate of the minimum time after onset of a stimulus by which reactions can have occurred on a fraction of 0.561 of all trials. In analogy to the way in which we derived thresholds from RPs, we used the RQs corrected for false alarms and for intersession differences, i.e., (RQ (-FA) -DRQ), as the measure of RT, and the SPL corrected for intersession displacements along the level axis, i.e., (L -DL (RQ) ), as the measure of level. The latter values were converted into pressure units (Pascal) before fitting Eq. (9). We restricted the fits to data from the reference stimuli that formed the level series in each experiment. To determine a single value of RQ min for each listener and experiment, we fitted all of the (RQ (-FA) -DRQ) versus (L -DL (RQ) ) functions in one go, because such functions from different days are in close register (see Figs. 3d  and 4d and text above) .
The values of RQ min that were obtained from such fits ranged from about 240 to 410 ms in different listeners. This range was large relative to the withinlistener variation of RQ min between experiments (Figs. 10 and 11d) . The latter did not exceed 15 ms and thus was similar to the intersession variation of RQ, viz. DRQ (cf. Fig. 7d ).
The extraction of threshold from reactions times and the measure of threshold level. The left side of Eq. (9), in our case (RQ (-FA) -DRQ -RQ min ), can be viewed as the duration of an initial portion of a stimulus, with a given amplitude and envelope, that would have sufficed to evoke reactions on a fraction of 0.561 of all trials. That initial portion of the stimulus can thus be considered as a threshold quantity. The stimulus rise time can cover a considerable fraction, or even all, of that initial portion when, with increasing stimulus level, (RQ (-FA) -DRQ -RQ min ) approaches or even falls below the rise time. Consequently, the maximum stimulus amplitude, the one prevalent during the plateau, may not be the best measure from which to derive a specification of threshold level. We have previously shown (Heil and Neubauer 2001, 2003; Neubauer and Heil 2004) that the mean amplitude during the interval from stimulus onset to the end of the initial portion that may suffice to evoke the response provides a better measure for the type of stimuli used here. Therefore, we calculated the SPL based on the mean amplitude during each initial portion (specified as SPL m ). This measure of threshold will be referred to as L T(RQ; -FA) .
Figure 10 plots these thresholds as a function of (RQ (-FA) Figure 10a (pointer and line) . The distance that data points have moved to the left in the plot increases as (RQ (-FA) -DRQ) decreases, because the abscissa is logarithmically scaled.
We also obtained estimates of L T(RQ; -FA) from the stimuli with durations other than 536.64 ms, by subtracting the same RQ min as that used for the reference stimuli. The resulting threshold estimates are also plotted in Figure 10 Fig. 9b ). To enable a more direct comparison, we also calculated L T(RP; -FA) in units of dB SPL m and plotted the data in Figure 10 (filled squares). The two threshold estimates are essentially identical for listeners L2 (Fig. 10a) , L9 (Fig. 10b) , and L11 (Fig. 10c) . For the other listeners, slight discrepancies between the two threshold esti- (-FA) -DRQ), i.e., RQ min is set to zero. All other symbols represent reaction thresholds estimated from RQ (-FA) , L T(RQ-FA) , to stimuli of different durations after subtraction of an RQ min > 0. The value used for each data set is specified in each panel and was derived by a fit of Piéron's law to data from the reference stimuli (see text for further explanations). The line in (a) marked by the BEd Rubel^pointer connects a corresponding pair of crosses and open circles to visualize the approximate trajectory of the cross as RQ min increases from 0 to the value used. Note the close match of reaction thresholds obtained from reaction times and reaction probabilities and their distance to detection thresholds.
mates remain (Fig. 10d-h ). The discrepancies in these cases are still negligible when stimulus duration and (RQ (-FA) -DRQ -RQ min ) are large, but can increase to nearly 4 dB at the shortest duration where comparisons are possible (Fig. 10f, h ). In each of those cases, L T(RQ; -FA) is larger than L T(RP; -FA) , and this difference is reproducible (cf. Fig. 10e with f and g with h). It is conceivable that the small discrepancies between the two threshold estimates ensue because the subtraction of a constant RQ min to estimate L T(RQ; -FA) is too simple a model, as RQ min is likely to vary from trial to trial. The discrepancies also give hint to limitations in Piéron's law. If that law provided an optimal fit, then the open symbols in Figure 10 should fall on a straight line with slope a (and if the ordinate represented the stimulus maximum amplitude in dB). However, the data points often showed a slight upward curvature before curving downward for very short values of (RQ (-FA) -DRQ -RQ min ) (not shown in Fig. 10 ). And the shortest RQs measured were always shorter than the RQ min estimated from a fit of Pieron's law, and were thus unexplained by that law.
Clearly, this issue needs further attention in future studies.
In summary, by and large, very similar estimates of reaction thresholds are obtained from reaction probabilities and reaction times.
Comparison of detection and reaction thresholds
In this final section, we compare the reaction and the detection thresholds directly. We restrict this analysis to reaction thresholds obtained from reaction probabilities, L T(RP; -FA) , because their determinations do not require to fit RQ min and so are not subject to the limitations associated with this parameter. The open squares in each panel of Figure 10 show the detection thresholds, L T(D) (also in units of dB SPL m ), for single-burst stimuli of different durations obtained from each of the six listeners, allowing an easy comparison with the reaction thresholds. In each case, the two threshold functions are roughly similar and parallel, but the function for the reaction threshold always lies above that for the detection threshold obtained with the adaptive 3I-3AFC procedure. Figure 11a plots data from another three listeners.
We next calculated the difference (in dB) between the two threshold estimates, first at the stimulus duration of 536.64 ms, where the determination of L T(RP; -FA) was most reliable. Figure 11b plots this difference, (L T(RP; -FA) -L T(D) ), as a function of F FA , the probability of a listener to produce a false alarm during a catch trial in the RT task. Two observations on those data are remarkable. First, (L T(RP; -FA) -L T(D) ) is always positive. This means that a higher SPL is required to yield a probability of 0.561 to react to a stimulus than to perform at that level in the forced choice procedure. Second, (L T(RP; -FA) -L T(D) ) decreases as F FA increases. This covariation is also seen in three (L1, L2, L5) of the four individual listeners who took part in both experiments. F FA of L4 did not change much between experiments. In Figure 11b , data from each of those listeners are represented by the same symbol and connected by dashed lines. The F FA of L1 in the four repeat sessions of experiment A (see above) had dropped more than 10-fold from its previous value. This drop was paralleled by an increase in (L T(RP; -FA) -L T(D) ) from about 1.4 to 3.6 dB (left and right filled triangles in Fig. 11b ).
Had we used L T(RP) , i.e., the reaction threshold estimated from reaction probabilities uncorrected for false alarms, instead of L T(RP;-FA) , we would have obtained slightly smaller threshold differences and a steeper decline of those differences with increasing F FA than those shown in Figure 11b . In addition, the difference between this reaction and the detection threshold would have been negative in the case of the largest F FA observed, a rather implausible difference.
Finally, we examined whether (L T(RP; -FA) -L T(D) ) varied with stimulus duration. Although the functions relating L T(RP; -FA) and L T(D) to stimulus duration appear roughly parallel (Figs. 10 and 11a) , they tended to diverge slightly as stimulus duration decreased. To illustrate this point more clearly, we calculated the amount by which (L T(RP; -FA) -L T(D) ) for a stimulus of a given duration differs from that for the reference stimulus of 536.64 ms duration. Figure 11c plots this difference as a function of stimulus duration. Although the data are noisy, they indicate that over the range of durations studied (L T(RP; -FA) -L T(D) ) increases (r 2 = 0.216; n = 78; p G 0.001) by about 1 dB with a 10-fold decrease in stimulus duration.
DISCUSSION
We have shown here that auditory thresholds (for tones in quiet) can be extracted from the reaction probabilities and reaction times of listeners in a simple RT paradigm, and that such reaction thresholds are somewhat higher than the detection thresholds measured from the same listeners with an adaptive forced-choice procedure under otherwise nearly identical conditions.
Intersession variability
In a first step, we showed that RP and RT, even to clearly audible stimuli, are intimately linked to detection thresholds by exploiting the intersession variation in RP, RQ, and detection thresholds (Figs. 1, 2, 3 , 4, 5 and 6), and revealing their strong covariance (Fig. 7) . To demonstrate this covariance, it was essential to probe the auditory system with a sufficient percentage of near-threshold stimuli to cover the steep portions of the psychometric, RP(L), functions and of the RQ(L) functions. The intersession variations and their magnitudes of RP, RQ, and detection thresholds are interesting in their own right, and raise questions regarding the factors that cause such variation, particularly that of detection thresholds. Variations in absolute thresholds have been previously observed in studies concerned with test-retest reliability of puretone thresholds (see, e.g., Henry et al. 2001 and references therein) . It is unlikely that differences in headphone placements on different days are a major cause of this variation. First, the output of the special circumaural earphone used is largely independent of placement, as long as it is placed correctly (own measurements with an artificial ear yielded an estimate of variability of about 0.1 dB). Second, potential placement effects would tend to average out because listeners put the headphones on and took them off at least three times in the course of a session. In any event, the intersession variations also make clear that the common practice of simply pooling RT and RP data collected on different days without properly accounting for intersession variation in a listener's sensitivity will cause psychometric and RT versus Bintensity^functions to appear flatter than they would be in the absence of such variation. Thus, if their exact shapes are of interest, e.g., for modeling, such pooling should be avoided.
Extraction of reaction thresholds from RP and RQ
A major purpose of our study was to compare reaction and detection thresholds. This comparison required the use of comparable measures. We achieved this by determining the level of a stimulus, of given envelope and duration, which led to an RP of 0.561, the same quantile upon which the adaptive forced choice procedure and stepping rule used by us converges after correcting for lucky guesses. When specified in dB SPL, both thresholds decrease in an orderly fashion with increasing stimulus duration (Figs. 9, 10, 11) , in line with the literature on temporal integration (see references in Heil and Neubauer 2003). To extract a threshold from RT, we determined RQ, the 0.561 quantile of the empirical RT distribution for every stimulus. We then followed the reasoning and the approach developed to extract the thresholds of single (auditory) neurons from their first-spike latencies (Heil and Neubauer 2001, 2003; Heil 2004 ). The approach is based on the rationale that the response (the first spike in the case of a neuron; the reaction in the case of a listener in an RT experiment) following the onset of a stimulus is evoked when the stimulus reaches the threshold, of the neuron or the listener, respectively, but occurs with some delay thereafter. In the case of a neuron, the delay is mainly a transmission delay that can be considered constant for a given neuron and for a given stimulus frequency (see Heil and Neubauer 2001, 2003; Heil 2004 for discussion). In the case of a listener in an RT experiment, the delay, RQ min , comprises transmission delays in both the sensory and the motor pathways. In addition, the required motor response is under conscious control and, thus, the time of its initiation and the speed with which it is executed will be subject to more variability than a passive transmission delay in a sensory system of an anesthetized animal. Thus, the assumption of a constant RQ min for a given listener during a given session, as done here, can only be a first approach. Nevertheless, even this simple approach showed that the thresholds derived from RQ are very similar to those derived from RP (Fig. 10) . A better model may reveal that they are identical.
Comparison of detection and reaction thresholds and the amount of evidence
Our analyses have shown that for each listener, the reaction threshold derived from reaction probabilities and after correction for false alarms, L T(RP; -FA) , is higher than the detection threshold, L T(D) , obtained from the 3I-3AFC procedure (Figs. 10 and 11a, b, c) . This would also be true had we used the estimates of reaction threshold derived from RQ (-FA) instead of RP (-FA) , because these estimates were essentially identical (Fig. 10) . However, when we derived the reaction threshold from RPs uncorrected for false alarms, we obtained the reverse order in the listener with the highest probability of producing false alarms. This emphasizes the need to correct RPs (and RTs) for false alarms, especially when the probability for false alarms is high, before meaningful conclusions can be drawn.
Already early models of simple RT include a decision stage (e.g., McGill 1961; Grice 1968; Kohfeld 1969; Murray 1970; Luce and Green 1972; Sanford 1972) . As listeners may have some resistance to react, they may need to accumulate more evidence to reach the decision criterion to press the key in an unforced design than necessary for detection in a forced-choice design. Therefore, reaction thresholds can be expected to be higher than, or possibly equal to, detection thresholds. The positive difference between the reaction and the detection threshold, (L T(RP; -FA) -L T(D) ) > 0, can be viewed as the additional amount of evidence that a listener requires on top of that necessary for stimulus detection in the forced-choice situation before he or she will react, by pressing the response key, in the RT paradigm. This conclusion was also drawn by Pfingst et al. (1975b) . This amount is expressible in decibels and when done appears to increase slightly as stimulus duration decreases (Fig. 11c) . The finding that (L T(RP; -FA) -L T(D) ) decreases from about 5 to 1 dB (for the reference stimuli of 536.64 ms duration) as the listeners' probabilities of false alarms, F FA , increase from near zero to about 0.4 (Fig. 11b) indicates an inverse relationship (across listeners) between the required amount of evidence and response accuracy, because false alarms can be considered inaccurate reactions. Because this relationship is derived from RP corrected for the effects of false alarms, it indicates that a large F FA is the consequence, and not the origin, of a small amount of evidence, and vice versa. Our data are consistent with the notion that such a relationship might also be seen in individual listeners: when a listener's F FA had changed notably between experiments, this was paralleled by a change in (L T(RP; -FA) -L T(D) ) in much the same way as that seen across listeners (Fig. 11b) .
This relationship could, in some sense, also be viewed as a speed-accuracy trade-off. An increase in the required amount of evidence by a certain number of decibels, with its concomitant decrease in F FA , is equivalent to, and would manifest itself in, a relative displacement of the RQ (-FA) (L) function to the right by the same number of decibels. Thus, with everything else unchanged, the listener would produce fewer false alarms, when the required amount of evidence is high than when it is low, but would take longer to respond to a stimulus of a given SPL. The delay would be more pronounced as the SPL becomes lower, consistent with the observed stimulus-intensity-dependent effects of speed versus accuracy emphasis on RT (e.g., Murray 1970; Sanford 1972; Miller and Ulrich 2003) . On the other hand, however, and provided the stimuli cover the steep portion of the psychometric function, the proportion of misses will also increase when the required amount of evidence increases. This stresses the need to precisely define the term accuracy before dealing with this type of trade-off.
We also observed a negative relationship between RQ min and F FA across listeners (Fig. 11d) , but, remarkably, the RQ min of a given listener changed little between experiments despite changes in F FA . This intralistener stability of RQ min contrasts with the clear inverse relationship of (L T(RP; -FA) -L T(D) ) with F FA in the same listeners (cf. Fig. 11b ) and with the inverse relationships of both (L T(RP; -FA) -L T(D) ) and RQ min with F FA across listeners (Fig. 11b, d) . Currently, we have no simple explanation for this phenomenon. In this context, it is interesting that Seitz and Rakerd (1997) observed that an individual's overall speed is largely modality-independent.
Simple RT and loudness
Simple RT to auditory stimuli is generally thought to be a measure of the loudness of the test stimuli. The idea was originally proposed by Chocholle (1940) , who studied RT as a function of sound frequency and level. He found that at each frequency RT decreased as level increased, a result that confirmed even earlier observations (Wundt 1874; Cattell 1886; Piéron 1920) , and that equally loud tones of different frequencies resulted in equal RTs. A number of subsequent investigations obtained results that supported Chocholle's conclusion of a close inverse relationship between loudness and RT (e.g., McGill 1961; Pfingst et al. 1975a; Marshall and Brandt 1980; Humes and Ahlstrom 1984; Wagner et al. 2004; Florentine et al. 2005 ; see also Scharf 1978). To our knowledge, only Kohfeld and colleagues (Santee and Kohfeld 1977; Kohfeld et al. 1981) have suggested that the relationship between loudness and RT may not be as close and argued that the detection of a signal and the estimation of its loudness require different perceptual operations. However, the validity of their results was questioned (Buus et al. 1982; Luce 1986, p. 70) , because their equal-loudness contours differed substantially from those in most other studies. The general consensus, therefore, seems to be that there is a close relationship between loudness and RT. Consequently, it has been proposed that RT may serve as an indirect estimate or surrogate for loudness and that RT measurements are a useful tool to investigate loudness perception (e.g., Chocholle 1940; Stebbins 1966; Reason 1972; Moody 1973 Moody , 1979 Pfingst et al. 1975a; Dooling et al. 1975; Marshall and Brandt 1980; Buus et al. 1982; Humes and Ahlstrom 1984; Seitz and Rakerd 1997; Leibold and Werner 2002; Arieh and Marks 2003; Wagner et al. 2004; Florentine et al. 2005; Little and May 2005; see also Scharf 1978; Luce 1986) . Snodgrass (1975, p. 37ff) has even suggested that RT may be used more generally as an index of the magnitude of a listener's sensation.
Our data shed some light onto the link between simple RT and loudness and the constraints under which the two measures may be correlated. Our data provide good evidence that simple RTs, once corrected for a plausible irreducible minimum reaction time, reflect the listener's reaction threshold. Note that the reaction thresholds extracted from RQ are very similar to, if not identical with, those extracted from RP, and that they can maintain an approximately constant and small difference to the listener's detection thresholds, despite considerable changes in stimulus SPLs and associated changes in loudness (Figs. 10 and 11) . Hence, simple RTs reflect threshold more widely than hitherto assumed in the literature, where a link between RT and threshold seems to have been suspected only to the extent that iso-RT versus frequency functions for very long RTs yielded contours in close proximity to, and of similar shape as, an animal's audiogram (e.g., Pfingst et al. 1975a; Dooling et al. 1975) . It is conceivable, and even plausible given the listener's task in a simple RT paradigm, namely, to react upon detection of the stimulus, that simple RT may actually reflect thresholds rather generally. How is it then that simple RT can correlate with loudness? We suggest here that the link is via a phenomenon called Btemporal summation of loudness,^which refers to the observation that the loudness of a tone or noise stimulus increases as stimulus duration increases, with SPL unchanged (e.g., Munson 1947; Niese 1959; Port 1963; Niese 1965, 1970; Ekman et al. 1966; Scharf 1978; Poulsen 1981; Kumagai et al. 1984; Sone et al. 1986; Namba 1987; Takeshima et al., 1988; Ogura et al. 1991; Florentine et al. 1996; Buus et al. 1997; Verhey and Kollmeier 2002; Sanpetrino and Zwislocki 2004) . In combination with these observations, our data suggest the following reasoning. When different stimuli lead to identical RT and when they are also perceived as equally loud by a listener, then the temporal summation of loudness for the different stimuli must have been identical or at least very similar. If this reasoning is correct, then an experimenter who wants to use RT as a measure of loudness must ensure identical temporal summation of loudness for the test stimuli. This might require the stimuli to have identical temporal amplitude envelopes and durations, although it seems to be the case that they can differ in their overall amplitudes and, of course, differ in spectra. It is easy to imagine stimuli that are detected at the same time after onset but which are perceived as different with respect to loudness, e.g., stimuli whose amplitude envelopes differ markedly beyond the common point in time after onset at which they are detected. In this context, several studies have observed that RT can be independent of stimulus duration (Gregg and Brogden 1950a,b; Stebbins 1966 and as also shown here; see Fig. 10 ), or even increase with increasing stimulus duration. This is noteworthy because, in light of temporal summation of loudness, loudness would be expected to increase as stimulus duration increases. Clearly, therefore, the conditions under which simple RT and loudness can be expected to be closely correlated are constrained.
